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Abstract

The results of an assimilative approach to guide the configuration of an ecosystem model for the mixed
layer of an oligotrophic environment are presented. The time series data from the US Joint Global Ocean
Flux Study (JGOFS) Bermuda Atlantic Time Series (BATS), in conjunction with a data-assimilation scheme,
were used to estimate the model parameters and modify the Fasham et al. (J. Mar. Res. 48 (1990) 591-639)
(FDM) model. The evolution of the model from initial to final configuration was driven by: (a) the
comparison of the time series data to the model results; (b) analysis of the estimated parameters; (c)
observations of the BATS ecosystem from the literature; and (d) corrections of the model pathways. The
data assimilation technique was crucial to estimate the optimal parameter set for each of the tested model
configurations. The model presented in this paper includes several critical modifications to the FDM model.
First, a variable chlorophyll-to-nitrogen ratio is introduced by solving a full equation for chlorophyll a.
Second, zooplankton are split into two functional groups: nano/microzooplankton and mesozooplankton.
Third, a new formulation is introduced for the microbial loop that is capable of resolving and simulating
many of the processes observed in natural environments as well as in laboratory experiments, but had, until
now, not been combined in a model. These modifications lead to solving an equation for the temporal
evolution of the bio-active dissolved organic-carbon pool. This modified model, in conjunction with data
assimilation, allowed us to estimate the model parameters and replicate the annual nitrogen cycle in the
upper mixed layer at BATS. Bacteria were found to be a key player in controlling the size of the dissolved
organic matter pool and in the amount of regenerated production. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Biogeochemical models are increasingly being applied to a variety of regions in the ocean
(Hofmann and Lascara, 1998). The original models from which most of the present models are
adapted are small in number (e.g., Walsh and Dugdale, 1972; Wroblewski, 1977; Evans and
Parslow, 1985; Frost, 1987; Fasham et al., 1990; Steele and Henderson, 1992). These models were
first developed to simulate the annual nitrogen cycle in the upper ocean mixed layer and were later
coupled to one-dimensional physical models (McGillicuddy et al., 1995a,b; Prunet et al., 1996a,b;
Oguz et al,, 1996; Doney et al., 1996) and embedded into three-dimensional circulation models
(Fasham et al., 1993; Sarmiento et al., 1993; Moisan et al., 1996). The availability of observations
from long term time series, such as Ocean Weather Station PAPA, Hydrostation “S”, CalCOFI,
two US JGOFS time series (Hawaii Ocean Time Series, HOT; Bermuda Atlantic Time Series,
BATYS), and process studies such as the North Atlantic Bloom Experiment (NABE) have allowed
calibration of the various models. While these models can differ greatly in complexity and have
been reasonably successful, they typically tend to either show poor agreement with the full set of
observations or predict incorrect production rates.

Two main reasons for the inability of the models to simulate the observed biological-chemical
fields are evident. First, all of these ecosystem models contain a large number of parameters whose
values are poorly known. Some of these parameters (e.g., half-saturation coefficients, phytoplan-
kton maximum growth rates) are determined either in situ or in controlled laboratory experiments.
Other parameters (e.g., phytoplankton biomass-specific mortality coefficients) are difficult, if not
impossible, to measure and are traditionally adjusted subjectively in the model until the “best”
agreement between the simulation and the observations is reached. The values for these parameters
may not be appropriate for ecosystems other than those to which they were tuned. Because of this,
caution should be taken when using parameters that have been determined for an ecosystem from
regions other than the one under study or taken from a different model. The task of determining the
parameter set can become quickly tedious even for a simple model. Recently, data assimilation
techniques, such as variational methods (Fasham and Evans, 1995; Lawson et al., 1996; Prunet
et al., 1996a) and simulated annealing (Matear, 1995; Armstrong et al., 1995; Hurtt and Armstrong,
1996), have been applied to estimate the unknown parameters in the models.

While the estimation of the parameter set using the aforementioned techniques has led to an
improvement in the model results, several studies have shown that the determination of the optimal
set of parameters does not necessarily guarantee a good fit between the model results and the
observations. This leads to the second reason for the difficulty in simulating ecosystem observa-
tions: inappropriate model structure and/or parameterization of the model pathways may be
responsible for the misfit. For example, Fasham and Evans (1995), using the Fasham et al. (1990)
(FDM) model, data from NABE, and an optimization technique to determine the optimal set of
parameters, showed that it was impossible to reach a simultaneous good fit for the zooplankton
biomass and primary productivity. Using a variational adjoint method and data from BATS, Spitz
et al. (1998) demonstrated that the FDM model was unable to simulate adequately the seasonal
cycle of the BATS ecosystem, and a set of optimal model parameters could not be estimated. Both
studies concluded that further developments were needed to model the annual nitrogen cycle in the
upper mixed layer. A first attempt to modify the FDM model for the BATS site was undertaken by
Hurtt and Armstrong (1996), who simplified the FDM model and considered only four state
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variables (nitrate, ammonium, phytoplankton, and a recycling compartment). They incorporated
a variable nitrogen to chlorophyll ratio, modified the entrainment of nitrate at the base of the
mixed layer, and took into account the effects of multiple size classes on phytoplankton growth and
death rates and on export rates from the recycling compartment. They also used a regression model
to fit the modeled concentrations to the data and to estimate the model parameters. Despite the
improvement of the results, they showed that the assumptions made regarding ammonium
concentrations are critically important to the quality of the fit to the available observations.

Our study is an attempt to use a data assimilation technique with observations from BATS not
only to estimate the parameters of the model but also as a tool to modify the pathways in the
ecosystem model while preserving model complexity such as explicit modeling of remineralization.
The model used in this study is based upon the FDM mixed layer nitrogen budget model. This
model has the advantage to predict quantities similar to the core measurements from the two US
JGOFS long-term time series (SCOR, 1990). Furthermore, it was calibrated with the Hydrostation
“S” observations between 1958 and 1960 Menzel and Ryther (1960), which provides us with a first
guess parameter set for the assimilation procedure. Since the goal of the present study is to simulate
the average annual cycle of the mixed layer biomass described by the BATS data, we utilized the
climatological mixed layer in the assimilation process. This has the advantage that the model can
be run forward in time to obtain a periodic solution that is not dependent upon the initial
conditions of the model. On the other hand, this approach has the disadvantage in that it does not
permit us to address the question of interannual variability of the ecosystem at BATS. A systematic
analysis of the various terms within the model, the estimated parameters from the data assimila-
tion, and the model results led to several modifications that improved the model results consider-
ably and allowed for an estimate of the optimal set of model parameters. Only the final version of
the model and the final model results are fully discussed in this paper.

The observations used during the assimilation process are described in Section 2. The data
assimilation technique and the definition of the cost function are given in Section 3. The important
modifications made to the original Fasham et al. (1990) model are presented in Section 4 and the
model equations are presented in Appendices A and B. Results and discussion of the modified
model using parameters determined during the assimilation process are in Section 5. Conclusions
are given in Section 6.

2. Observations

The data used are the core measurements from the Bermuda Atlantic Time Series (BATS) station
between 1988 and 1993 (Michaels and Knap, 1996). The observations are monthly measurements
of nitrate, chlorophyll a, particulate organic nitrogen, and particulate organic carbon concentra-
tions, bacteria cell counts, phytoplankton primary production, and bacterial production rates.
Additional information on mesozooplankton biomass collected monthly during 1994-1996
(L. Madin, personal communication) are also added to the core measurement data set and used in
the penalty cost function (see Section 3).

Since the model assumes that the ecosystem concentrations and processes are homogeneous
within the mixed layer, the individual data profiles are vertically averaged from the surface to the
depth of the mixed layer, which is computed from the monthly mean climatological data set
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Fig. 1. The mixed layer depth (m), defined here as the depth at which the density is 0.02 kg m ™2 lower than that observed
at the surface. The solid line depicts the Levitus climatological mixed layer used in this study. The crosses designate the
BATS data.

(Levitus, 1982). The depth of the mixed layer is defined as the depth where the density is
0.02 kg m ™ lower than that observed at the surface (Ag, = 0.02 kg m™3). As a comparison, the
mixed layer depths computed from the CTD data at BATS and the climatological data are plotted
in Fig. 1. A strong deepening of the mixed layer occurs in winter to about 200 m, while the summer
mixed layer shallows to about 20 m. The variability in the mixed layer depth is larger in winter
than in summer due to decreased stratification and increased storm activity. The goal of this study
is to simulate the average annual cycle of the mixed layer biomass described by the BATS data.
Therefore, the effects of high frequency variability of the mixed layer depth, of spatial variabilities
due to the passage of eddies (McGillicuddy et al., 1995a,b), and of interannual variations of the
mixed layer depth (Doney, 1996) are considered as noise added to the monthly mean annual cycle
of the ecosystem at BATS.

In order to compare model results and observations, '*C primary production rates were
converted to mmol N m~2 d~! using a Redfield ratio of 6.625. The instantaneous growth rates
from the model results were integrated over a full day so that they could be compared directly to
the measured daily growth rates derived from the '*C-uptake experiments.

Conversions were required for bacteria cell count data and bacterial production rates. Carlson
et al. (1996) pointed out that there is no universally accepted conversion factor for converting
bacterial abundance into carbon biomass or *H-TdR incorporation into bacterial carbon produc-
tion. Furthermore, several studies (Sieracki et al., 1995; Carlson et al., 1996) show that 10-25% of
the enumerated bacterial cells are prochlorophytes, not heterotrophic bacteria. Given the uncer-
tainties in the conversion factors and measurements, bacteria biomass and production rates are not
used in the assimilation process but rather taken as a reference of good fit. We assumed a constant
bacterial carbon to nitrogen (C: N; mol:mol) ratio of 5 and a bacteria cell biomass of 20 fg C cell !
(Carlson et al., 1996) to calculate a conversion factor of 0.042 mmol N m ™3 (10® cells kg~ ')~ for
bacteria cell count. The bacterial production rate was computed from *H-TdR incorporation
experiments described in Carlson et al. (1996) and using the following formula:

BP = (TdR)ICF[biovolume]CCF CONV (1)



Y.H. Spitz et al. | Deep-Sea Research II 48 (2001) 1733-1768 1737

where BP is the bacterial production (mmol N m~3 d~1!), TdR is the *H-TdR incorporation
(pmol 17* h™1), ICF is the isotope conversion factor, CCF is the carbon conversion factor of
120 fg C um 3, and CONYV is the conversion factor from mg C1"* h™! to mmol Nm~3d~ 1
The ICF was taken to be equal to 1.63 x 108 cells mol ! and the biovolume was set equal to
0.057 um? cell~!. The observations are plotted in Fig. 5.

3. Optimization

The purpose of optimization is to find a set of parameters that minimizes the distance between
the model estimates and the observations, i.e. the cost function. To achieve that goal, we used the
variational adjoint method described in Lawson et al. (1995, 1996) and Spitz et al. (1998) with an
optimization procedure based upon a limited memory quasi-Newton method (the N1QN3 subrou-
tine from Gilbert and Lemaréchal (1989)).

The cost function (J) was defined in a least-squares manner as

1
J = EZ (din — i)' Wildi — i) + T, )
where d and a are the data and model equivalents to the data, respectively, i refers to the data types,
and n refers to the observation time. J, is a penalty function. The weighting matrices W, are
theoretically the inverse of the observation error covariance matrices. By assuming that errors in
the data are uncorrelated and have equal variance, the weight matrices can be rewritten as

W, = w1, (3)

where w; is a positive scalar and I is the identity matrix. In practice, w; takes into account the
relative magnitude of the various data types and the quality of the data sets. In this study,
w; accounts for the differences in the relative magnitude observed in the time average of each data
type and is defined as

max(d;)
w; = T

where d; is the time average of the observation i, and max(d;) is the maximum of the time average of
the assimilated observations (Lawson et al., 1996). Since we wanted to keep the maximum degree of
freedom on the parameters, no a priori information on the parameters was added to the cost
function (Fasham and Evans, 1995; Matear, 1995). However, additional information on the
nano/micro- and mesozooplankton biomass was added, and the penalty term J,, was defined such
that the zooplankton biomass did not exceed the maximum value determined during two BATS
cruises in August 1989 and March-April 1990 (Roman et al., 1993, 1995) and during the 1994-1996
mesozooplankton measurements (L. Madin, personal communication).

4

4. The ecosystem model

The model used in this study is based upon the FDM mixed layer nitrogen budget model.
Following the results of assimilation experiments of the BATS data (Spitz et al., 1998) (Figs. 2a, b,
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Fig. 2. Monthly mean and standard deviation of the observed chlorophyll g, nitrate, PON, bacteria at BATS (black solid
line) and of the equivalent model results (red dashed line) over five years of simulation (1988-1993). The model results
were taken at the same days as the BATS cruises. (a) represents the first guess run (Fasham et al. (1990) (FDM)), (b)
corresponds to the results of the assimilation with the FDM model (Spitz et al., 1998), (c) represents the results of the
assimilation with the modification of PAR and the nitrate input, (d) corresponds to the (c) case plus a temporal variable
Chla: N ratio, and (e) corresponds to the (d) case plus the modification of the microbial loop (new model). (1) indicates
that some of the concentrations (not shown here) are out of the observed range for BATS. (2) indicates that some of the
estimated parameters are out of range. The first number is the root-mean-square error (rms) (Eq. (C.1)), and the number in
parenthesis is the correlation (r) (Eq. (C.2)).
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Fig. 3. Same as Fig. 2 but for POC, primary and bacterial productivity and f-ratio. The modeled f-ratio is plotted every
day. POC concentrations were not modeled in cases (a)-(d), but computed as a sum of phytoplankton, zooplankton,
bacteria and detritus with a C: N of 6.625 for phytoplankton and 5 for the other concentrations.

3a and b), it was clear that the ecosystem pathways needed to be modified to fit modeled and
observed concentrations and rates. At every step of the modification process, a thorough analysis of
the model results and the estimated parameters was undertaken. Once new problems were
diagnosed, a survey of the literature was done to further modify the model. The full set of modified
equations is given in Appendices A and B, the computation of root-mean-square error (rms) and
correlation (r) are presented in Appendix C, and the steps taken during the assimilation procedure
are described in Section 5. Following is a description of the primary modifications.
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Fig. 4. Daily average Photosynthetically Available Radiation (PAR, W m~2) just below the surface. The crosses are
observed PAR at BATS from 1992 to 1994 (Siegel et al., 1995). The solid line corresponds to the values used in this study
(see Appendix A). The dashed line corresponds to the values used in the FDM simulation.

4.1. Photosynthetically available radiation and nitrogen input

An identical twin experiment (Spitz et al., 1998) showed that the parameters involved in the
model forcing terms were recovered first. This indicates that the light forcing and the nitrogen input
into the mixed layer are important in controlling the ecosystem behavior. Photosynthetically
Available Radiation (PAR) at the ocean surface is parameterized using classical astronomical
formulae (Brock, 1981) and a model of cloud transmission (Evans and Parslow, 1985) with a cloud
correction fitted to the Bishop and Rossow (1991) data set using the Moisan and Niiler (1998)
model. This new approach gives a better fit between modeled and observed surface PAR (Siegel
et al., 1995), especially during winter and fall (Fig. 4). In the FDM model, the nitrate concentration
below the mixed layer is assumed constant over time and uniform with depth. The vertical profiles
of nitrate at BATS show that the nitrate concentration is approximately constant to 100 m deep
and then varies linearly with depth. The nitrate input formulation was then changed accordingly to
match the observations at BATS (see Appendix A). These two modifications led to a better overall

correlation between the modeled and observed concentrations but were not sufficient (Figs. 2c
and 3c).

4.2. Chlorophyll-a-to-nitrogen ratio
Using data assimilation and a constant Chlorophyll-a-to-Nitrogen ratio (Chla:N)

[1.59 g Chla (mol N)~ 1], we were able to reduce the rms error between modeled and observed
Chla (Figs. 2b, ¢, 3b and c), but the correlation between the two time series remained poor. Higher
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Chla was constantly present in the April model results. We concluded that a temporally varying
Chla: N ratio is necessary in order to fit model results and observations. This is also in agreement
with laboratory experiments (Laws and Bannister, 1980; Goldman, 1980; Geider, 1987, 1993;
Kiefer, 1993) and in situ measurements (Campbell and Vaulot, 1993; Letelier et al., 1993) that have
shown a wide range for the chlorophyll-carbon and chlorophyll-nitrogen ratios. Geider (1993) also
showed that chlorophyll a accounts for a small and variable portion, 0.1-5%, of the phytoplankton
organic matter, and it is therefore difficult to express chlorophyll a in terms of phytoplankton
nitrogen. Despite the difficulties in determining the Chlorophyll-a-to-Carbon (Chla: C) ratio, this
ratio has been found to be highly regulated by light and nutrient availability, and temperature
(Goldman, 1980; Geider, 1987, 1993; Cloern et al., 1995). Several modeling efforts (Doney et al.,
1996; Hurtt and Armstrong, 1996) have adopted a variable Chla: N ratio as a function of the
irradiance and nutrient concentrations. In the modified model presented here, a temporally
variable Chla: C ratio is introduced by solving a phytoplankton chlorophyll equation (Appendix
A) based upon the work of Geider et al. (1996, 1997). Modeled chlorophyll a is then fitted to
observed chlorophyll a, and a constant C: N is estimated during the assimilation procedure.

4.3. Zooplankton species

In order to maintain a low zooplankton biomass and have adequate grazing of phytoplankton, it
was necessary to split the zooplankton into two distinct functional groups, i.e. nano/microzooplan-
kton and mesozooplankton. The nano/microzooplankton graze on bacteria, phytoplankton and
detritus, while the mesozooplankton graze on phytoplankton and nano/microzooplankton. A con-
stant C: N ratio is also estimated for the zooplankton.

4.4. Microbial loop

The results obtained with the previous modifications and assimilation are plotted in Figs. 2d and
3d. While the rms error decreased and the correlation increased, the results were still unsatisfactory.
The modeled nano/microzooplankton concentration (not shown) was too large, and the modeled
DON concentration (not shown) was found two orders of magnitude smaller than the observations
in 1996. More importantly, some of the estimated parameters of the microbial loop were unrealis-
tic. For example, zooplankton assimilation efficiency on bacteria was estimated to be equal to
113%. Modification of the microbial loop, reformulation of the flow pathways between the
dissolved organic matter (DOM), bacteria and ammonium (NH;, where the charge is ignored in
future usage) pools, was found necessary.

Presently, oceanographers divide the DOM pool into labile, semi-labile and refractory pools.
The refractory pool, by definition, has a very long turnover time. Deep water DOC has been aged
using C-14 studies and has been found to be between 4000-6000 yr old (Druffel et al., 1992; Santschi
et al., 1995). The semi-labile material has a turnover on scales of months to years, and the labile
material turns over on scales of hours to days. Refractory DOM recently has been identified as
being composed of a substantial amount of bacterial cell wall remnants (McCarthy et al., 1998).
The semi-labile and labile pools are composed of nitrogeneous, carbohydrate and other Low
Molecular Weight (LM W) materials. Because we are primarily interested in the seasonal cycling of
organic matter, our model neglects the contribution that the refractory pool makes to the total
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DOM pool. By assuming that the refractory DOM concentrations do not vary with depth and that
the labile and semi-labile pools are only observed in the upper ocean (Carlson and Ducklow, 1995),
it is possible to estimate the total amount of labile and semi-labile DOM observed at BATS by
subtracting the observed concentrations of the deep-water DOM from the total DOM observed in
the upper ocean. This allows us then to use the BATS DOM observations to compare against the
model results.

Phytoplankton exudation or excretion is a major source of DOM. Several studies have shown
that between 5 and 30% of the total marine phytoplankton primary production is released as
DOM through exudation/excretion processes (Mague et al., 1980; Lancelot and Billen 1985; Baines
and Pace, 1991). The various constituents in the phytoplankton exudates are carbohydrates,
nitrogenous compounds, lipids and organic acids (Hellebust, 1974). The majority of this exudate is
LMW DOM (Fogg, 1983). In a recent seawater culture experiment, Biddanda and Benner (1997)
observed that phytoplankton exudate is composed of LMW DOM (65% of the DOM) witha C: N
ratio of about 6 and High Molecular Weight (HMW) DOM with a C: N ratio of about 21. They
also observed that rates of DOC production via exudation from phytoplankton ranged from 10 to
33% of the total organic carbon (TOC) production, and the carbohydrate fraction of the exudate
was between 26 and 80% of the pool, increasing over the growth cycle. Because of these
observations, we chose to divide the DOM pool into a carbohydrate and a nitrogenous DOM pool
in our model.

Phytoplankton also have been shown to exude DOC in the form of carbohydrates during
periods of nutrient limitation (Williams, 1990). This observation has given rise to a paradox in that
the phytoplankton are supplying a carbon source to the bacteria at a time when the phytoplankton
are nutrient limited and the bacteria are carbon limited. This supply of carbon to the bacteria
stimulates bacterial growth and hence should increase the competition for the limiting nutrient
(except during periods of silicate limitation). The observations of exudation of organic material by
phytoplankton and its important role in DOM cycling convinced us to incorporate three distinct
exudation terms in the model: a biomass-specific, a growth-specific and a nutrient-limitation
exudation term. In the biomass-specific and growth-specific exudation terms, the exuded DOM
material was assumed to have a C: N ratio close to that of the phytoplankton’s cellular C: N ratio.
The phytoplankton also were allowed to excrete excess carbohydrate during periods when the
amount of sunlight energy being harvested was greater than that required for growth under the
nutrient conditions present. This meant that during low-nutrient conditions, phytoplankton
exuded a carbohydrate-type DOM.

Bacteria are the primary users of DOM. Heterotrophic bacteria can assimilate DON and NH,,
but they can also excrete NH, during DON catabolism (Kirchman et al., 1989). The assimilation or
excretion of NH, by bacteria is very important in structuring the marine microbial loop. In the
subarctic Pacific, the supply of dissolved free amino acids partially controls whether heterotrophic
bacteria assimilate or excrete NH, (Kirchman et al., 1989). Based on the fact that a significant
decrease in NH,4 uptake was observed when amino acids were added to the experiment, Kirchman
et al. (1989) believed that in the subarctic Pacific, bacteria preferred to take up dissolved free amino
acids over NH,. When the amino acid supply was adequate, NH, was regenerated by bacterial
assemblages that had been separated from the grazers. Furthermore, it was observed that the
addition of carbohydrates reduces the potential for NH, regeneration and makes the bacteria
a greater net sink for nitrogen. The uptake patterns of NH, and amino acids however seems to be
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independent of the carbon source [glucose, acetate or citrate] used. High amino-acid recycling
increases the availability of NH, to phytoplankton and potentially affects the plankton community
structure (Kirchman et al., 1989). Concurrent uptake of NH, and amino acids also was observed in
experiments by Goldman and Dennett (1991) and Kirchman et al. (1989). Experiments with amino
acid additions into natural populations of bacteria observed concurrent uptake of NH, and amino
acids only when a glucose source was present (Goldman and Dennett, 1991). Regeneration of NH,
was evident only after the glucose source was completely utilized. NH, regeneration of actively
growing bacteria seems to occur only under carbon-limiting conditions (Goldman and Dennett,
1991).

It is counterintuitive that the phytoplankton would release carbon-rich exudates during periods
of nutrient limitation when laboratory results suggest that this will slow down nitrogen regenera-
tion. However, measurable accumulations of DOM occur during the end of phytoplankton
blooms. So, according to the above observations, NH, regeneration by bacteria is virtually
stopped at the end of a bloom period, which further leads to the demise of the bloom by increasing
the level of nutrient limitation.

Gross growth efficiencies of bacteria grown on various DOM substrates ranged from 94% when
the C: N ratio of the substrate was low [1.5:1] and asymptotically reached a lower threshold value
of 50% as the ratio increased above 3:1 (Goldman et al., 1987). The efficiency at which bacteria
excreted NH, during amino acid catabolism was inversely related to the C:N ratio of the
substrate. Under high C: N substrate ratios (10:1), there was virtually no NH, regeneration, while
under low C: N substrate ratios (1.5:1) 90% was regenerated (Goldman et al., 1987).

Do bacteria prefer NH, over an amino acid substrate? It may be that the energetic costs of
transportation of amino acids across the cell membranes may be high enough to offset the
advantage of avoiding amino acid biosynthesis (Goldman and Dennett, 1991), resulting in no net
gain between NH, uptake and amino acid uptake. If amino acids were the only source of nitrogen
and carbon in marine waters, then not only would organic carbon control bacterial growth, but
bacteria would play a major role in NH, recycling in the microbial loop (Goldman and Dennett,
1991).

Are the bacteria better scavengers of nitrogen than the phytoplankton? Some experimental
evidence on the subject of bacteria/algal competition seems to suggest that this is true (Rhee, 1972;
Parker et al., 1975; Parsons et al., 1981; Currie and Kalff, 1984a, b). This is theoretically expected
considering the larger surface to volume ratio of the smaller bacteria (Bratbak and Thingstad,
1985). Bratbak and Thingstad (1985) found that in a chemostat situation where both heterotrophic
bacteria and phytoplankton (Skeletonema costatum) were grown under conditions of low nutrients,
the phytoplankton exudations supplied an additional source of phosphate to the bacteria that were
then able to outcompete the phytoplankton.

This past decade, several efforts to model the microbial loop have been undertaken. FDM used
DON as a proxy for DOC and assumed that during balanced growth conditions the ratio of uptake
of DON and NH, should be constant in order to maintain a bacterial population with a constant
C:N ratio. Remineralization of NH, was achieved only as a biomass specific respiration term.
Anderson (1992) developed a general model that can be used for bacteria, copepods and micro-
zooplankton. He considered two types of available substrates: one with only carbon and the other
with carbon and nitrogen. In his model, the excretion of NH, was predicted based upon the C: N
ratio of the substrates (DOM). Bissett et al. (1999) separated the DOM pool into a DOC, DON and
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CDOC (colored DOC) pool. They allowed bacteria to remineralize the excess nitrogen taken up
either as NH, or from the DON pool and to release it as NH,. Vallino et al. (1996) separated the
DOM pool into DON, DOC and refractory pools and used a bacterial bioenergetics model to
investigate the utilization of DOM by bacteria.

The microbial loop that we developed in our model takes into account all of the recent
observations outlined above. We assume that the bacteria are energy limited rather than nutrient
limited. Given the large supply of DON in the ocean, its availability is only limited by the amount
of energy that the bacteria can expend in acquiring this nutrient source. Because of this, the amount
of available energy in the form of DOC that is available is first determined. This DOC source is
obtained from both the carbohydrate-DOM and the nitrogenous-DOM supply. After accounting
for the different gross growth efficiencies that are given to the two different energy forms, the
amount of potential carbon left over for growth is calculated. This is then used to determine the
amount of nitrogen required for growth. If more nitrogen is required than that obtained from
the nitrogen taken up from the nitrogenous-DOM, then NH, uptake will be allowed. If more than
the required nitrogen has been taken up, then the bacteria will be allowed to regenerate the excess
nitrogen as NH,. In this way, the bacteria are allowed to: (a) take up and regenerate NHy; (b) have
a variable gross growth efficiency that changes with the C:N ratio of the DOM substrate; and
(c) alter the C: N ratio of the DOM pool by taking up the required C and N substrates as they
become available. A complete derivation of the bacterial uptake is presented in Appendix B.

5. Results and discussion

At each step of the modification process, the model was solved using a fourth-order
Runga-Kutta scheme with a 2-h time step. It was run first for 3 yr when it approached a steady
annual cycle, and the data assimilation was done on the following 5 yr. This removed any effect that
the initial conditions may have had on the recovery of the parameters. The initial guess for the
parameter set (Table 1) was taken from FDM and values found in the literature, which allowed us
to start the data assimilation procedure with a small misfit between the model results and the
observations. After convergence of the assimilation procedure, the estimated parameters were used
to run the direct model and generate the “fitted” time series shown in Figs. 2, 3 and 5.

In order to increase our confidence that the data assimilation solutions were not converging
towards local minima of the cost function, the data assimilation process was restarted after
perturbing the initial guess parameter values by first 20% and then 30%. All three model runs
yielded the same set of parameters. Since some of the estimated parameter values were very close to
their initial guess (Table 1), we verified that these parameters indeed could be estimated. A twin
experiment was utilized for the verification process. The model output were considered as the data,
and the initial guess for the model parameters was taken to be equal to the estimated values
reduced by 40%. This experiment led to the recovery of all the parameters.

As seen in Figs. 2e and 3e, the fit between observations and modeled concentrations has been
greatly improved when using the new model and data assimilation. In order to assess fully the
success of the model with data assimilation in simulating the nitrogen cycle at BATS, it is necessary
to analyze in detail the simulated fluxes as well as the estimated parameters. In fact, the resulting
fluxes may be incorrect even though the modeled and observed concentrations agree, if the model
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Fig. 5. Results of the new model with parameters estimated from the BATS data assimilation. The BATS data are
represented by crosses. The mesozooplankton and the DOC observations are not available before 1994. The plotted
mesozooplankton data are the day and night observations from 1994 to 1997 (L. Madin, personal communication). The
depicted DOC observations correspond to the labile fraction of the DOC pool in 1994, according to Carlson and
Ducklow (1996). The primary productivity observations have been corrected following Karl et al. (1998).

pathways are inaccurate. This analysis is often difficult since the information on fluxes and
parameter values is sparse and often obtained during a limited number of cruises that might not be
representative of a typical year. The assimilation results with the new model are discussed in the
next three subsections.

5.1. Comparison of modeled concentrations with observations

The assimilated observations consisted of nitrate (NOj3, where the charge is ignored in future
usage), chlorophyll a, particulate organic nitrogen, and particulate organic carbon concentrations.
A good fit was obtained between both the simulated and observed chlorophyll a and NO;
concentrations (Figs. 2e and 5). The largest misfit between simulated and observed NOj; concentra-
tion occurs in spring when the mixed layer was the deepest and the climatological mixed layer was
shallower than the observed 1988-93 mixed layer (Fig. 1). Consequently, the amount of modeled
NOj; entrained into the mixed layer during its deepening was less than the actual amount entrained
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into the mixed layer. For example, the observed maximum mixed layer depth in spring 1992 was
244 m while the climatological maximum depth was 196 m. The maximum modeled NO;
concentration was 0.49 mmol N m ™3 and the observed concentration was 0.76 mmol N m~3. To
assess the impact of the mixed layer depth on the NO3; maximum, we ran the model with the same
estimated parameter set and a maximum mixed layer of 244 m depth, the mixed-layer depth being
the same for the rest of the year. We found that the maximum NOj; concentration increased to
0.76 mmol N m ™3, which is equal to the measured value. As in Hurtt and Armstrong (1996), our
model predicts a smaller seasonal variation in phytoplankton nitrogen than in chlorophyll a. The
annual mean phytoplankton nitrogen is equal to 0.07 + 0.02 mmol N m 3, while the annual mean
chlorophyll ais 0.11 4+ 0.07 mg Chl m 3. The Chla: N ratio varies seasonally by a factor of three,
which is similar to the range predicted by Hurtt and Armstrong (1996) and reported by Malone
et al. (1993) for two cruises, August 1989 and March-April 1990.

The modeled particulate organic carbon (POC) and nitrogen (PON) concentrations also show
good agreement with the observations (Figs. 2e, 3e and 5). The departure between modeled and
observed PON/POC could be related to the working definition of PON. The modeled PON and
POC concentrations were defined as the sum of contributions by phytoplankton, bacteria,
nano/microzooplankton, mesozooplankton and detritus. By using 0.7 um GF/F filters, the
measurements of PON and POC only represent particles larger than 0.7 um. Many bacteria are,
however, smaller and therefore are not taken into account in the POM pool. Our model does not
make any distinction in terms of sizes, and therefore small discrepancies are expected between
measured and modeled PON/POC concentrations. The difference between the maximum modeled
and observed concentrations of PON and POC also can be due to the fact that we use the
climatological instead of the observed mixed-layer depth.

Despite the uncertainty in the conversion factor between bacteria cell counts and nitrogen
biomass (mmol N m~3), the modeled bacteria concentration is in the range of the measured
concentrations using a conversion factor of 0.042 mmol N m~3 (10® cells kg~ 1)~ ! (Figs. 2e and
5). The detritus carbon concentration is lower than the values found by Roman et al. (1995) for the
upper 100 m. They estimated a concentration equal to 1.97 + 0.32 mmol C m~ 3 for the
March-April 1990 ZOOSWAT cruises, while for dates corresponding to those cruises our model
estimate is 0.86 + 0.05 mmol C m™>. This difference can be due to the fact that detritus is not
directly measured but backcalculated from POC, bacteria, phytoplankton, nanozooplankton and
microzooplankton biomass. Any measurement errors in one of these concentrations will result in
errors in the detritus biomass. Furthermore, values used to convert microbial counts into C or
N can have a large impact on the determination of detritus. Caron et al. (1995) showed that using
low and high conversion factors for the microbial counts (see Table 1 from Caron et al., 1995)
detritus nitrogen varies between 70 and 17% of total PON (0.38-0.09 mmol N m ™) and detritus
carbon varies between 75 and 31% of total POC (2.81-1.16 mmol C m™?), respectively.

DOM observations are not part of the core measurements at BATS. Since 1994, TOC has been
measured routinely, which allows us to compute the DOC concentrations as the difference
between TOC and POC. Comparison between model results and observations however, is not
straightforward. The DOC pool includes a labile, semi-labile and refractory part. From an
experimental point of view, the refractory pool can be obtained from the deep values assuming
that the refractory material is equally distributed throughout the water column (Carlson and
Ducklow, 1995). Separating the semi-labile and labile pool is more difficult since the cycling
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of the labile pool is very rapid. From unamended cultures exhibiting growth, Carlson and
Ducklow (1996) reported that 6-7% of the bulk pool of DOC in the Sargasso Sea between 1992
and 1994 was a biologically labile fraction. This fraction would equal a biomass of ~ 2.9 to
~ 4.6 mmol C m~?3 in 1994.

In our model, DOC represents the bio-active part of the DOC pool, and it was beyond the scope
of this study to model separately the labile and semi-labile pools. The estimated turnover time
varies between 0.18 and 1.59 days, with a minimum in early spring and a maximum in summer. The
modeled DOC biomass (Fig. 5) varies between 2.1 and 3.7 mmol C m~* with a maximum in early
summer. The accumulation of ~ 2 mmol C m ™3 after the spring bloom also has been observed at
BATS (C. Carlson, personal communication). The molecular C: N ratio of the modeled DOM pool
varies between 4.7 and 5.8, which would indicate that the DOM pool is mainly LMW DOM
(Biddanda and Benner, 1997). Carlson et al. (1985) concluded that about 60% of the DOM pool in
the surface ocean is LMW DOM. Furthermore, these low C: N ratios were observed by Biddanda
and Benner (1997) in a culture of Synechococcus spp., the dominant phytoplankton species at BATS.

Since April 1994, L. Madin and co-workers (personal communication) have measured me-
sozooplankton biomass on a monthly basis. The data displayed in Fig. 5 were obtained from their
night and day dry weight measurements when C = 0.4 dry weight and a C:N ratio of 5 were
adopted to convert the observations to units of mmol N m™3. Our model results show excellent
agreement with these measurements. Recent observations of NH, (Lipschultz et al., 1996) reported
lower values than during two ZOOSWAT cruises in August 1989 and March-April 1990 (Malone
et al., 1993), mainly due to improved measurement techniques. According to Lipschultz et al.
(1996), the mean NH, concentration for the mixed layer varies between a maximum of

~ 5x 1072 mmol N m~? after the spring bloom and a minimum of ~ 5x 10”3 mmol N m~ 3 in

summer. These values are in excellent agreement with the modeled NH, concentrations, which
vary between 5.2 x 10~ 3 and 4.26 x 10”2 mmol N m 3. These values were reached despite the fact
that we did not impose a priori information on the NH, concentration during the assimilation
procedure, which was not the case in the assimilative work of Hurtt and Armstrong (1996).

5.2. Comparison of estimated parameters and rates with observations

The estimated parameters are reported in Table 1. The comparison between estimated and
measured parameters is limited by the lack of measurements. Assimilating BATS observations
between 1988 and 1993, Hurtt and Armstrong (1996) have estimated a half-saturation for nutrient
uptake ranging from 0.0024 to 0.012 mmol N m 3. The lowest value was obtained when a low
NH, concentration constraint of 0.040 mmol N m~? (Lipschultz et al., 1996) was imposed in the
assimilation procedure, while the highest value was reached when the ZOOSWAT NH, measure-
ments were assimilated. In our study, the half-saturation constants for NO; (K;) and NH, (K)
were found equal to 0.59 and 0.04 mmol N m ™2, respectively, while no NH, observations were
assimilated. This difference between the values estimated by Hurtt and Armstrong (1996) and our
estimates can be attributed to the difference in the nutrient uptake formulations used. Our
estimated half-saturation constants for NO; and NH, uptake are in the range of values deter-
mined by Harrison et al. (1996) for the oligotrophic North Atlantic.

According to Malone et al. (1993), picoplankton accounted for 68§% and 63% of the phytoplan-
kton productivity during March-April 1990 and August 1989, respectively. The corresponding
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percentages for the euphotic zone chlorophyll were 74 and 84%. This would indicate that
Synechococcus spp. and prochlorophytes are dominant. A recent analysis of pigment composition
from observations collected between 1990 and 1997 at BATS led to the same conclusion
(D. Steinberg, personal communication). Our estimate of phytoplankton C: N ratio of 5.16 agrees
with the C: N ratio found by Kana and Gilbert (1987) during growth experiments of Synechococcus
spp. under various irradiances. They reported a C: N ratio equal to ~ 5.4 at a temperature of 22°C
and PAR equal to 190 pE m~2 s~ !, the yearly averaged mixed layer PAR at BATS.

From observations of growth rate and the Chl a: C ratio as functions of irradiance for laboratory
cultures of various phytoplankton and using a least-squares fit model, Geider et al. (1997) were able
to estimate the maximum Chla: C (0,,) and the initial slope of the P/I curve («). They found that in
general cyanobacteria and dinoflagellates are characterized by low values of 6,,, and diatoms are
characterized by high values. On the other hand, the highest values of « were found for cyanobac-
teria. They found values between 0.015 and 0.072 mg Chl a (mg C)~! for 0,, and 0.55 to
9.63 mg (mg Chl a W m~2 d)~! for a. Our estimates of 0,, and « at BATS are in good agreement
with the values found by Geider et al. (1997) for Synechococcus spp. Furthermore, the estimated
0 (Chla: C ratio) are in good agreement with the observations collected by Malone et al. (1993)
during March-April 1990 and August 1989 cruises. Using their Chla: C relationship integrated
over the mean mixed layer depth for the two cruises, we estimated that In(C/Chl) = 3.04 £+ 0.15 in
March-April and In(C/Chl) = 4.34 + 0.09 in August. From the model results corresponding to the
dates of the two cruises, we found that In(C/Chl) = 3.11 £ 0.06 in March-April and 4.24 + 0.02 in
August. Our estimate of phytoplankton maximum growth rate (V) is equal to 3.67 d ', which is in
the range of values obtained considering the Eppley curve (Eppley, 1972). The temperature of the
mixed layer at BATS typically varies between 21°C in winter and 28°C in summer, which leads to
a maximum growth rate varying between 3.26 and 5.09 d 1.

The maximum grazing (g) and excretion/mortality (u,) rates for nano/microzooplankton are
found equal to about 3 times the respective rates for mesozooplankton (g; and u,). This is
consistent with the values determined by Hansen et al. (1997) for grazing rates as a function of the
zooplankton body size. As expected, nano/microzooplankton preferentially graze on bacteria, then
phytoplankton and detritus. Their assimilation efficiency is larger for bacteria than for phytoplan-
kton and detritus.

The bacterial gross growth efficiency for carbon (GGE,,.,,) was estimated by Carlson and
Ducklow (1996) for BATS to be 14 + 6%. Our estimate of GGE_,,, (18.4%) is in that range. Our
estimated biomass-specific growth rates for bacteria vary during the year from 0.04 to 0.07 per day,
which is similar to the range 0.057-0.096 per day reported by Carlson et al. (1996). We are not
aware of existing observations that can be directly compared with the other parameters of the
microbial loop.

While the modeled primary productivity reproduces well the observed annual cycle and the late
winter/early spring increase, it tends to underestimate the actual values. There are several possible
causes. First, measurement errors can explain part of the discrepancy. The observations were
integrated values over the climatological mixed layer of the mean light value (from three bottles)
minus the dark value of the '*C primary production rates. The mean error between the three
replicates is on the order of 15%, with a maximum error of 57%. Secondly, the measured
14C primary production rates were converted to mmol N m~3 d ™! using a constant Redfield
ratio, which may introduce error. The third possible cause was pointed out by Karl et al. (1998)
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who showed that by using GF/F filters, primary production can be overestimated by approxim-
ately 33%. In Figs. 3 and 5, we display the modified values (following Karl et al. (1998)) for primary
productivity, and there is good agreement. Finally, a shallower climatological mixed layer depth
than the observed depth can certainly explain the remaining small discrepancy between modeled
and observed primary productivity in winter/early spring. In regards to the summer discrepancy,
an alternative explanation would be that the summer production could be supported by other
sources of new nitrogen such as nitrogen fixation.

The modeled bacterial production (BP) rates reproduce the temporal variation of the observa-
tions but, their values are higher than the observations (Figs. 3 and 5). Comparison between model
results and observations is not easy in this case. Observed bacterial production rates were
computed from *H-TdR incorporation rates that have shown high day-to-day variability in the
upper 80 m (Carlson et al., 1996). Cell volumes used to estimate the BP rates also vary highly from
day to day within each season. A single mean value for cell volume was used in Eq. (1), which could
explain the shift between modeled and observed maximum BP rate.

The estimated f-ratio varies between 0.58 in winter and 0.09 in summer with an annual mean of
0.29. This estimate is consistent with the annual value of 0.31 derived by Platt and Harrison (1985)
from NO; observations at Hydrostation “S” and results from other models (Doney et al., 1996;
Hurtt and Armstrong, 1996).

5.3. Annual budget

Measuring annual fluxes within the marine ecosystem is difficult, if not impossible. Direct
comparison between model results and observation is therefore not possible. We will only describe
the modeled fluxes relative to each other and compare the results from several other model runs
(Figs. 6-9). In the FDM simulation (Fig. 6), the parameter set was chosen such that the modeled
annual net total production would fit that measured at Hydrostation “S” between 1958 and 1960.
This simulation led to a large net annual upwards flux of NO;. Phytoplankton loss by mortality
was also very large, about 3 times larger than that due to grazing. Phytoplankton mortality was the
largest source of detritus. The detrital breakdown to DON was about 71% larger than the detrital
net downward flux. Bacteria took up DON in a larger amount than NH,. Bacteria biomass-
specific mortality was the main source of regeneration. The yearly net bacterial regeneration was
78% larger than the zooplankton regeneration.

In FDM simulation, the uptake of NOj by phytoplankton is 71% larger than the NH, uptake.
However, considering that BATS and Hydrostation “S” are in an oligotrophic region, new
production should be smaller than regenerated production ( f' < 0.5). Kinetics analysis (Harrison et
al., 1996) also showed that NH, is preferentially utilized over NO3 over the full range of NO3
concentrations. Several studies (Williams, 1984; Biddanda and Benner, 1997) have postulated that
5-50% of the organic matter synthesized by phytoplankton is released as DOM. In the FDM
simulation, this is of the order of 5%, which is at the low end of the observed range of values. Using
FDM and data assimilation of the BATS data between 1988 and 1993 (Fig 7), the net upwards flux
of NOj, phytoplankton mortality, detrital breakdown to DON, and bacteria NH, excretion are
largely reduced. However, the aforementioned problems still remain.

The mean annual fluxes obtained with the new model in conjunction with assimilation of the
BATS data are plotted in Fig. 8. As in the previous run, the fluxes not related to the microbial loop
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Fig. 6. Annual nitrogen cycle in mol N m~2 yr~! obtained with the FDM model and their parameter set. (a) depicts the
net nitrate upward flux (entrainment + diffusion), and (b) the net detritus downward flux (volumetric dilution
+ sinking + diffusion). The thickness of the line is proportional to the magnitude of the flux.

are largely reduced. The net upward flux of NOj; in the mixed layer is about half of that estimated
by FDM, which results in about half of the mixed layer new production. Using a variety of
geochemical techniques that average over timescales of years to decades, the mean annual new
production estimates for the Sargasso Sea range from 0.4 to 0.7 mol N m~2 yr~! (Jenkins and
Goldman, 1985; Jenkins, 1988; Spitzer and Jenkins, 1989). These estimates as well as the FDM
results were largely constrained by data collected in the 1960s, a decade of deep mixing and strong
blooms, while our modeled results were constrained by observations when the mixing was less
extreme (Michaels et al., 1994). The uptake of NO; by phytoplankton is about half of the uptake of
NH,, which is consistent with the inhibition of NO; uptake by NH, observed by Wheeler and
Kokkinakis (1990) and Harrison et al. (1996). The phytoplankton exudation of DOM is about 47%
of the total production, which is consistent with the value found in the literature. The uptake of
NH, by bacteria is about 10 times smaller than in the FDM simulation (not shown). However, the
sum of the net regeneration by bacteria and bacteria biomass-specific excretion is of the same order
of magnitude as the net regeneration in FDM. The yearly net bacterial regeneration is 66% larger
than the zooplankton, compared to 78% in the FDM simulation. The zooplankton respiration is
reduced about 30% compared to the value estimated in FDM.

In our simulation, the bacteria do not seem to compete with phytoplankton for NH,, which was
not the case in FDM. The bacteria uptake of NH, (note that only net regeneration of NH,
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Fig. 7. Same as Fig. 6 but the parameters were estimated from assimilation of the BATS observations between 1988 and
1993.

(regeneration minus uptake) is plotted in Fig. 8) is two orders of magnitude smaller than the uptake
of NH, by phytoplankton. While mesozooplankton grazing on phytoplankton is of the same order
of magnitude as the nano/microzooplankton grazing, mesozooplankton do not seem to be a key
player in NH, regeneration. Finally, Roman et al. (1995) showed that most of the carbon in the
surface waters of the Sargasso Sea near Bermuda cycles through the bacteria and flagellates, which
is the case in our simulation.

In order to assess the impact of the new microbial loop model on the fluxes, we used the
parameter set estimated with data assimilation but the DON and NH, uptake by bacteria were
modeled as in FDM. As we can see by comparing Figs. 8 and 9, the NH, regeneration is from
different sources. Using the FDM uptake formulation, the main source of NH, is from
nano/microzooplankton excretion. In our model simulation, the NH, source is split between
bacteria regeneration and nano/microzooplankton excretion. It has been argued that microzoop-
lankton are mainly responsible for NH, regeneration. However, there is evidence that bacteria can
be key players in NH, regeneration in highly productive coastal regions (Tupas and Koike, 1991;
Cotner and Gardner, 1993). In Gerlache Strait during the 1989 spring, Tupas et al. (1994) found
that the bacteria regenerated NH, at 2-4 times the rate at which they assimilated it and that
bacteria can regenerate 27-55% of the total recycled NH,. Karl et al. (1996) concluded that at least
one-half of the recycled NH, is due to nano- and microzooplankton. NH, regeneration by bacteria
in oligotrophic environments is only speculative at present.
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Fig. 8. Annual nitrogen cycle in mol N m~2 yr~! obtained with the new model and parameters estimated from

assimilation of the BATS observations between 1988 and 1993 (Table 1). (a) depicts the net nitrate upward flux
(entrainment + diffusion), (b) the net detritus downward flux (volumetric dilution + sinking + diffusion), (c) the mortal-
ity by higher trophic levels, and (d) the NH, net regeneration by bacteria (regeneration — uptake).

6. Conclusions

This study represents an attempt to use data assimilation and observations from long-term time
series to estimate not only the model parameters but also to guide the configuration of an
ecosystem model for an oligotrophic environment. By assimilating the BATS observations, we were
able to develop an ecosystem model with some degree of complexity, estimate the model para-
meters, and replicate the annual nitrogen cycle in the upper mixed layer.

Several modifications to the Fasham et al. (1990) model were found critical in the success of the
BATS time series modeling. The adoption of a time varying chlorophyll to nitrogen ratio caused
considerable improvement in the modeled chlorophyll a concentration. This is achieved by solving
an equation for chlorophyll a according to the work of Geider et al. (1996). The most important
modification that we adopted is the reformulation of the microbial loop. Our model of the
microbial loop includes most of the processes described in the literature (e.g., Hellebust, 1974;
Kirchman et al., 1989; Goldman and Dennett, 1991; Biddanda and Benner, 1997). We assume that
the bacteria are energy limited rather than nutrient limited. The amount of available energy is in
the form of DOC that is available. This DOC source is obtained from both the carbohydrate-
DOM and the nitrogenous-DOM supply. The bacteria are allowed to: (a) take up and regenerate
NH,; (b) have a variable gross growth efficiency that changes with the C: N ratio of the DOM
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Fig. 9. Same as Fig. 8 but the model was run with a constant DON/NH, uptake by bacteria as defined in FDM.
(d) represents only the NH, uptake by bacteria.

substrate; and (c) alter the C:N ratio of the DOM pool by taking up the required C and
N substrates as they become available. Combination of these modifications and changes in the
formulation of the NO; entrainment into the mixed layer (see Appendix A) led to a reduction of the
new production by about half. Consequently, the new production was smaller than the regenerated
production, which should be the case in an oligotrophic environment.

Using data assimilation, we were able to determine which processes in the microbial loop were
dominant at BATS. We found that the bacteria regenerate NH, in an amount slightly larger than
the amount due to zooplankton respiration. We also found that the bacterial uptake of NH, is
much smaller than the uptake of DON. The capability of bacteria to take up and mineralize DOM
could play an important role in controlling the size and rate of recycling of the DOC and DON
pools in the ocean. The annual bacterial uptake of NH, was much smaller than the phytoplankton
uptake of NH,, which indicates that while the bacteria do compete with phytoplankton for NH,
they do not outcompete phytoplankton. These conclusions still remain to be verified with field
observations. However, there is a growing amount of evidence that the microbial loop is a key
player in the carbon/nitrogen cycle. The modeling community also has begun to acknowledge the
need for a better understanding of the microbial loop and of the role that bacteria play in the
ecosystem.

While long-term time series, such as the two US JGOFS time series, are necessary to understand
the functioning of the ecosystem and lead the development of models that can be coupled to ocean
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general circulation models, the acquisition of more specific data is required. In order to assess the
validity of our microbial loop model, a full analysis of the DOC and DON pool, its content in terms
of HMW versus LMW, and carbohydrate versus nitrogenous material is necessary. Measurements
of rates also would prove helpful to realize the ultimate goal of the modeling community, i.e.
development of a predictive model.

Finally, we view this modeling effort as a first step towards the development of a more
mechanistic model that will be coupled to a large-scale circulation model. The present model will
have to be tested against other long-term time series such as the Hawaii Ocean Time series (HOT)
and Ocean Station P. It will certainly need to include a better conversion of nitrogen to carbon if it
is to be used to understand the carbon cycle, the main goal of the US JGOFS program.
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Appendix A. Model equations

A time-dependent box model of the ecosystem in the upper ocean mixed layer is presented which
is a system of coupled ordinary differential equations. The model constituents include: phytoplan-
kton, chlorophyll, nano/microzooplankton, mesozooplankton, bacteria, nitrate, ammonium, detri-
tal nitrogen, detrital carbon, dissolved organic nitrogen, and dissolved organic carbon. The model
is a modified version of the Fasham et al. (1990) (FDM) ecosystem model. We present the equations
for the mixed layer depth and for each of the model constituents below.

A.1. Mixed layer depth equation

The mixed layer depth (MLD) is prescribed in the model using monthly mean climatological
estimates of the MLD obtained from FDM. A time series of the seasonal variation of the MLD is
then calculated from this estimate as

h(t) = dl\ﬁtLD. (A.1)

As in FDM, the model assumes that the seasonal shallowing of the mixed layer does not affect
the biological fields within the mixed layer either by concentration or dilution processes. Unlike the
FDM model, the assumption is made that none of the constituents are capable of vertically
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migrating through the water so as to avoid being left behind as the mixed layer shallows. Also, the
parameterization of the dilution and mixing process is reconsidered. In the FDM model, dilution
occurred in the mixed layer during entrainment by assuming that the concentration of the model
constituents just below the mixed layer depth were all zero, except for nitrate (NO;), which was set
to a constant higher concentration. Because the BATS data set did not show any relationship with
depth for any of the model constituents except NOs, it is assumed that the concentration of all the
model constituents just below the mixed layer, except NOj3, are equal to that in the mixed layer. At
BATS, the NO3 concentration just below the MLD is observed to increase as the mixed layer
depth increases. This modification effectively shuts off the dilution/concentration process and the
cross-thermocline mixing, m, processes for all model constituents, except NOj.

A.2. Phytoplankton [P; mmol N m~ 3] equation

The time rate of change equation for the phytoplankton is written as

c(li_I;:JQP_(% +72JQ)P — 14 P — Gy — Gy, (A2)
where J is the specific growth rate under nutrient replete conditions, Q is the sum of the multiple
nutrient limitation terms, y; and y, are the biomass-specific and growth-specific exudation rates,
1ty 1s the biomass-specific phytoplankton mortality rate, and G, (Eq. (A.15)) and G4 (Eq. (A.19)) are
the grazing pressure terms due to grazing by the nano/microzooplankton and mesozooplankton,
respectively.
The rate of specific growth under nutrient-replete conditions is defined as

; 1 MLD V,a01 d
= — Z’
MLD o, (V2 + «20%1?)

where V, is the phytoplankton maximum growth rate, « is the initial slope of the P versus I curve,
and the submarine irradiance field I is modeled as

I(Z) — IO e_(k‘” +k, Chla)z’ (A4)

(A.3)

where k,, and k., are the seawater and chlorophyll-specific light attenuation coefficients, and the
phytoplankton chlorophyll a to carbon ratio 0 is calculated as

;_ Chla
_PRC:N’

(A.5)

where Rc .y is the phytoplankton carbon to nitrogen conversion ratio (mg C:mmol N), equivalent
to C:Np x 12.
The amount of incident PAR at the surface of the ocean is computed as

Io = 0.85.Eq c08(0.)0.43(1 — 1)Coeorr (A.6)

where S, is the solar constant (1353 W m~?) (Brock, 1981), E, is the correction to the solar
constant due to the ellipse of the Earth’s orbit (Duffie and Beckman, 1980), 0, is the solar zenith
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angle in radians, 0.43 is the amount of the solar constant within the spectral range of PAR, 4 is the
sea surface albedo, typically 0.04 (Payne, 1972), and

Ceorr = (1.0 — C.q + (C,; sin(salt)))(1.0 — Cy(C.3 + (C.4 cos(salt)))), (A.7)

is a local cloud correction algorithm where salt is the solar altitude, C; is the monthly mean cloud
amount in tenths from the Comprehensive Ocean-Atmosphere Data Set (COADS). The coefficients
C.i,...,C.s have been locally fitted to the Bishop and Rossow (1991) solar radiation data set
(Moisan and Niiler, 1998). A comparison between the modeled PAR and the measured PAR at
BATS (Siegel et al., 1995) is shown in Fig. 4.

The effect due to nutrient limitation is parameterized by the sum of two modified
Michaelis-Menten equations:

0=0, +0,<1, (A.8)
where

Nose —¥YNH,

K
== A9
O 1+ 5 + N (A9

and

NH,

K
_ S (A.10)
0 14+ 5 + R

where K, and K, are the half-saturation coefficients for NO3; and ammonium (NH,), respectively.
The term exp( — YNH,) is used to parameterize the effect of inhibition by NH, on the NO;
uptake. The novelty of this modification is that it assures that the nutrient limitation term can only
suppress the rate of phytoplankton growth (Q < 1). This term is a slightly modified version of the
substitutive model of O’Neill et al. (1989) with the addition of the NO; uptake inhibition by NH,,
and is a merger of the FDM and the O’Neill et al. (1989) nutrient limitation models.

A.3. Chlorophyll a [ Chla; mg chlorophyll a m™ 3] equation

The phytoplankton component in the model is allowed to have a time-varying chlorophyll
a-to-carbon ratio. The time rate of change equation for the phytoplankton chlorophyll pool is
written as

dChl Chl
= & e JOPpeC: NpMWe — 1y Chla — (G + G4)Ta, (A.11)

where pcpi, 18 the fraction of nitrogen assimilated by the phytoplankton that is used to make more
chlorophyll, C:Np, and MW, are conversion constants and are presented in Table 1. The
phytoplankton were assumed to not exude chlorophyll a.

The parameter pcyy, is calculated based upon Geider et al., (1996) and is written as

0,,0J
aOPAR,

(A.12)

Pchla =
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1 MLD

PAR = —— Ioetk Tk Chla)z 47 (A.13)
and 0,, and 0 are the maximum and actual chlorophyll a to carbon ratios, respectively.
A.4. Nano/microzooplankton [Z; mmol N m~>] equation

The model includes a nano/microzooplankton component that grazes on the phytoplankton,
bacteria and detritus pools. The time rate of change of the nano/microzooplankton pool is written
as

dz

T =(B1G1 + B2Gy + B3G3)1 — py) — 2 Z — Gs, (A.14)

where 8, f,, and 3 are the assimilation efficiencies of the different food types, and G, G,, and
G; are the individual grazing rates upon phytoplankton (P), bacteria (B) and detrital nitrogen
(DETN), respectively, and are written as

P

G, =9gZP A.15
1 g K3(P+p1B+p2 DETN)+P2+p1B2+p2 DETN2 ( )
p1B
G, =9ZB A.16
2 g K3(P+p1B+p2 DETN)+P2+p1B2+p2 DETN2 ( )
DETN
G, = gZDETN b> (A.17)

K3(P + plB + P2 DETN) + P2 =+ ple =+ P2 DETNZ,

where ¢ is the maximum biomass-specific grazing rate, K3 is the half-saturation constant for
ingestion, and p; and p, are the preferences for bacteria and detritus relative to phytoplankton.
A growth-specific respiration term is included as y,. The mortality and excretion rates have been
combined into a single biomass-specific term u,. This was done because the results from a previous
data assimilation study (Spitz et al., 1998) demonstrated that the two terms were not independent of
each other. One fraction of this loss term, ¢, moves into the NH, pool, another fraction, 2, moves
into the dissolved organic nitrogen pool (DON), and the remainder (1 — & — ) is added to the
detrital pool. Gs (Eq. (A.20)) is the grazing pressure due to mesozooplankton.

A.5. Mesozooplankton [MZ; mmol N m™~>] equation

The model includes a mesozooplankton component that grazes on the phytoplankton and

nano/microzooplankton pools. The time rate of change of the mesozooplankton pool is written as
dMZ
T (BaGa + BsGs)1 — pg) — u: MZ, (A.18)

where 4 and f35 are the assimilation efficiencies of the different food types, and G, and G5 are the
individual grazing rates for phytoplankton (P) and nano/microzooplankton (Z) respectively, and
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are written as

P
Ks(P + p3Z) + P? 4 p3 7%

psZ
Ks(P +psZ) + P? +p3 2%

Gs =gMZZ (A.20)
where g, is the maximum biomass-specific grazing rate, K5 is the half-saturation constant for
ingestion, and p; is the preference for nano/microzooplankton relative to phytoplankton.
A growth-specific respiration term is included as . The mortality and excretion rates have been
combined into a single biomass-specific term (., and the loss terms are treated similarly to that in
the nano/microzooplankton equation with similar terms, ¢, and ;.

A.6. Bacteria [B; mmol N m™ 3] equation

The time rate of change of the bacterial pool is expressed as

dB
o Uponx + Unn, — #3B — 1B — G, (A.21)

where Upoy is the rate of uptake of DON, Uyy, is the net rate of uptake and regeneration of NH,
(can be negative), 3 and u, are the biomass-specific respiration and mortality terms, and G, is the
grazing pressure from the nano/microzooplankton (Z). A derivation of the Upoyn and Uyg, terms is
presented in Appendix B.

A.7. Nitrate [NO5; mmol N m™~>] equation

The concentration of nitrate in the model changes over time as

dNO, m + h* (1)
dt = —JOP+ MLD

(Nbotmm - NO3)> (A22)

where the first term is the total amount of NOj taken up by the phytoplankton, and the second
term controls the amount injected or entrained from below the mixed layer. The second term
combines the effects of diffusive mixing between the mixed layer and the deep ocean (m) and the
concentration/dilution due to the deepening of the mixed layer (h™(z)). Because only periods of
mixed layer deepening are assumed to affect the model constituents, a mixed layer deepening term
is defined as

h*(t) = max(h(z), 0). (A.23)

Unlike FDM, we assume that the NO; concentration just below the mixed layer, Nyoiom, 18
a function of depth and written as

No + (MLD — 100)Nyope) MLD > 100 m
Nbottom = (A24)
No MLD < 100 m.
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The depth of 100 m is chosen based on the NOj; profiles at BATS and corresponds to the depth
where the NO3 concentration slope changes.

A.8. Ammonium [NH,; mmol N m~3] equation

The change in the concentration of ammonium with time is written as

dNH,
dt

= —JQ,P —Unn, + 144(B1G1 + B2Gs + B3G3) + ue(BfaGs + PsGs)

+ 3B + eusZ + gu, MZ, (A.25)

where the first term is the uptake of NH, by the phytoplankton, the second term is the net
uptake/regeneration of NH,. The derivation for this latter term is presented in detail in Appendix
B. The third and fourth terms represent the growth-specific respiration from the nanomicrozoop-
lankton and mesozooplankton, respectively. The final three terms represent the biomass-specific
respiration processes of the bacteria, nanomicrozooplankton and mesozooplankton, respectively.

A.9. Detrital nitrogen [DETN; mmol N m™~>] equation

The change in the concentration of detrital nitrogen with time is written as

dDETN

i (1 —=B1)Gy +(1 — B2)G, — B3G3 — (s + e B)DETN

+wmP+uB+(1—-Q—u,Z +(1—Q —é&)u. MZ

14
— 5 PETN. (A.26)

where the first two terms account for the egestion processes of the nanomicrozooplankton, the
third term is the net uptake of detritus by the nanomicrozooplankton (ingestion-egestion), and the
fourth term is the rate of detrital breakdown to the dissolved organic pool, due to both dissolution
and bacteria-mediated processes. The fifth and sixth terms are phytoplankton and bacteria
mortality rates. The seventh term is the flux of nanomicrozooplankton mortality to the detrital
pool. The final term accounts for the sinking of detritus out through the bottom of the mixed layer
at arate V. Fecall pellets from mesozooplankton are considered heavy enough to fall directly out of
the mixed layer.

A.10. Detrital carbon [DETC; mmol C m™ 3] equation

The change in the concentration of detrital carbon with time is written as

dDETC DETC
T =(1—-1)GC:Np +(1_52)G2C3N3—ﬂ3G3m

— (H4 + HGB)DETC + H1 PC:NP + ,U7BC:NB
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+ (1 —Q — S)ﬂzzC:NZ + (1 — Ql — Sl)ﬂZMZC:NZ

14
~ 3 pPETC (A.27)

where all of the terms are similar to those in the DETN equation except that the changes in the
C: N ratios have been accounted for.

A.11. Dissolved organic nitrogen [DON; mmol N m~ 3] equation

The change in the concentration of dissolved organic nitrogen with time is written as

dDON
dt

= (uy + 1 B)DETN + Qu,Z + Qu.MZ

+ (71 + 72JQ)P — Upon, (A.28)

where the first term is the flux of nitrogen from the detrital pool, the second and third terms
represent the flux of respiration and mortality from the nanomicrozooplankton and mesozooplan-
kton, respectively, the fourth term is the flux of nitrogen from the phytoplankton due to biomass-
and growth-specific exudation, and the final term is the rate of uptake of DON by bacteria.

A.12. Dissolved organic carbon [DOC; mmol C m~>] equation

The change in the concentration of dissolved organic carbon with time is written as

dDOC
dt

= (g + e BIDETC + Qu>ZC: N, + Qu.MZC: Ny

+ (71 +72JQ)PC:Np + P, — Upoc, (A.29)

where most of the terms are similar to those in the DON equation except that the changes in the
C:N ratios have been accounted for. Phytoplankton also are allowed to excrete excess DOC
during periods when the amount of energy being harvested is greater than that required for growth
under the nutrient conditions present.

W+ —Q)JPC:N, J/V, >0,
P, = 73(7, — Q) p J/V,>0 (A.30)
0 JIV, < 0.

Appendix B. Bacterial uptake terms

The first assumption made is that the bio-active fraction of the dissolved organic matter is
composed primarily of a carbohydrate and a nitrogenous pool. Accordingly, the DON pool is
composed completely of the nitrogenous material, DON,;,,,, Which is assumed to have a constant
C: N ratio (C: Npon) that reflects the mean composition of the pool. The DOC poolis composed of
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both nitrogenous and carbohydrate fractions, DOC,;,, and DOC,,.,, respectively, such that

DOCtotal =DOC = Doccarbo + DOCnitro- (Bl)
The amount of DOC within the nitrogenous pool is calculated as
DOCnitro - DON C . NDON, (B2)

with the remaining fraction in the DOC pool going into the carbohydrate fraction as
DOC,,, = DOC — DON C: Npon- (B.3)
The total amount of nitrogen taken up by the bacteria for growth is written as
U =Upon + Unn,, (B.4)

where Upon 1s equal to the amount of DON taken up by the bacteria, and Uyy, is the net amount
of NH, taken up or released by the bacteria. The maximum amount of nitrogen that the bacteria
are allowed to take up is written as

Umax = VbB: (BS)

where Vy is the maximum biomass-specific rate of nitrogen uptake. By assuming that bacteria
prefer to take up DON over NH,, the amount of DON that the bacteria can take up can be written
as

DON
Knitro + DON)

where K, is the half-saturation coefficient for DON uptake. After accounting for the gross
growth efficiency of nitrogenous DOM, GGE,;,,,, and using the nitrogenous DOM for balanced
growth of the bacteria, the amount of excess nitrogen that can be further used with the carbohy-
drate pool for growth or regenerated as NH, is written as

DON C: Npox GGE, 1o
Knilro + DON C . NB ’
The maximum rate at which NH, is taken up by the bacteria is calculated as the difference
between the maximum rate of nitrogen uptake and the DON uptake, VB — Upon. The actual rate

at which NHy is taken up is controlled by the availability of both NH, and carbohydrate DOM
and can be written as

Upoxn = VB (B.6)

Unitro = Vb B

(B.7)

NH4 DOCcarbo
KNH4 + NH4 Kcarbo + DOCcarbo ’
where K.,mo, and Kyy, are the half-saturation coefficients for the carbohydrate DOM and NH,,

respectively.
The uptake of carbohydrate DOM is written as

DOC..rb0 C:Np
Ucar o — Uni ro Uammon ~~T
° Kcarbo + DOCcarbo ' * GGEcarbo

where GGE.,,, is the bacteria gross growth efficiency of carbohydrate DOM.

Uammon = (VbB - UDON)

(B.8)

(B.9)
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Finally, the amount of NH, regenerated by the bacteria through uptake of the nitrogenous
DOM is written as

DOCcarbo
U = Upiwe 1 — . B.10
regen nitro Kcarbo + DOCcarbo ( )

Using the above definitions, the amount of DOC taken up by the bacteria is written as

Upoc = Ucarbo + Upon C: Npon. (B.11)

And, the net uptake or release (uptake-regeneration) of NH, is written as

UNH4 = Uammon - Uregen~ (B12)

Appendix C. Root-mean square error and correlation

To evaluate qualitatively the performance of the data assimilation, two quantities were com-
puted: the root-mean-square (rms) error defined as
1/2

rms = % i (a; — d))* (C.1)

i=1

and the correlation coefficient (r) given by

Y1 — ad; —d).
(25\7:1(% — (_1)2 £V=1(di _ d)2)1/2

where d and a are the data and model equivalents to the data, respectively, and the “over bar”
denotes time mean values. N is equal to the number of observations for the five year (1988-1993)
assimilation window. Each year, the monthly cruises take place at different dates. Corresponding
model results from the same dates are used for the comparison.

The root-mean-square error is a measure of the difference between model results and observa-
tions while the correlation coefficient gives a measure of the phase shift. It is important to consider
all quantities when evaluating the success of the data assimilation. Indeed, a small root-mean-
square error with a small correlation indicates a phase shift between the observations and the
model results, an indication of poor performance of the data assimilation procedure.

r =

(C.2)
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